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-K ϩ pump activity, excitability, and function in depolarized skeletal muscle. Am J Physiol Cell Physiol 298: C1438-C1444, 2010. First published March 3, 2010; doi:10.1152/ajpcell.00361.2009.-Activity-induced elevation of extracellular purines and pyrimidines has been associated with autocrine and paracrine signaling in many tissues. Here we investigate the effect of purinergic signaling for the excitability and contractility of depolarized skeletal muscle. Muscle excitability was experimentally depressed by elevating the extracellular K ϩ from 4 to 10 mM, which reduced the tetanic force to 24 Ϯ 2% of the force at 4 mM K ϩ . Upon addition of 1 mM ATP, however, the force recovered to 65 Ϯ 8% of the control force (P Ͻ 0.001, n ϭ 5). A similar recovery was seen with ADP, but not with UTP or adenosine. The ATP-induced force recovery could be inhibited by P2Y1 receptor antagonists (3 M SCH-202676 or 1 M MRS-2500). A fourfold increase in M-wave area demonstrated that the ATPinduced force recovery was associated with restoration of muscle excitability (P Ͻ 0.05, n ϭ 4). Experiments using 86 Rb ϩ as a tracer for K ϩ showed that ATP also induced a twofold increase in the activity of muscle Na ϩ -K ϩ pumps. The force recovery and the stimulation of the Na ϩ -K ϩ pump activity by ATP were inhibited by 50 M of the phospholipase C inhibitor U-73122. It is concluded that purinergic signaling can increase the Na ϩ -K ϩ pump activity and improve force and excitability of depolarized skeletal muscles. This novel purinergic regulation may be important for the maintenance of muscle excitability during intense exercise, where the extracellular K ϩ can increase substantially.
adenosine 5=-triphosphate disodium salt; adenosine 5=-diphosphate sodium salt; purinoceptors; M-wave; muscle contraction; phospholipase C PURINE AND PYRIMIDINE RELEASE in the extracellular environment has been observed in many tissues, including muscles where the release occurs from the nerve endings in neuromuscular junctions and from the active muscle fibers (1, 4, 12, 14, 22, 23, 38, 40, 47, 48) . The combination of specific receptors for purines and pyrimidines, the purinoceptors, and the rapid extracellular breakdown of the purines and pyrimidines by ectonucleotidases enables these compounds to function as finely regulated extracellular signaling molecules (1, 4, 48, 51) . The purinoceptors are divided into the P2Y and P2X receptor families. The P2Y family comprises G protein-coupled metabotrophic receptors and features eight subtypes (P2Y 1, 2, 4, 6, 11, 12, 13, 14 ) of which five subtypes (P2Y 1,2,4,6,11 ) are functionally coupled to phospholipase C (PLC), whereas the other three subtypes are coupled to adenylate cyclase (1, 13, 37) . The P2X family comprises seven subtypes of ligand-gated ion channels (P2X [1] [2] [3] [4] [5] [6] [7] ) that are permeable to small monovalent cations and to a varying extent to Ca 2ϩ and Cl Ϫ (13, 29, 48) . In muscles, the isoforms P2X 1,3,4,5 and P2Y 1,2 have been identified (4, 37, 43) .
Effects of purinoceptor activation have been demonstrated in several tissues, including developing tissue systems, the central and peripheral nervous systems, the myocardium, the vascular system, and the kidneys (13, 26, 29, 34, 42, 45, 46) . In skeletal muscle, early studies have reported acute effects on contractile action (3) that were later related to an increased acetylcholine sensitivity of the acetylcholine receptor in the neuromuscular junction (2, 36) . Recently, Voss (49) further showed that activation of P2Y 1 receptors leads to inhibition of ClC-1 channels of skeletal muscle and, thereby, to an increase in miniature endplate potential. The physiological relevance of these findings is not fully clear. Because, however, physiological elevations in extracellular K ϩ concentration ([K ϩ ] o ) have been shown to potentiate the effects of agonists to the P2Y receptor family (16, 33) , it can be envisioned that the ensuing increase in the synaptic efficiency may serve to maintain the neuromuscular transmission during exercise where muscle excitability is presumed to decrease as a result of elevated [K ϩ ] o , a hallmark of intense exercise (21, 30 -32, 39) . Although it is well-established that elevations in [K ϩ ] o can severely compromise the next step in excitation-contraction coupling, namely the excitation and propagation of action potentials on muscle fiber surfaces (30 -32, 39) , effects of purinergic signaling on muscle fiber excitability have not yet been examined. To address this question, here we have investigated the effect of adenosine 5=-triphosphate disodium salt (ATP) and other nucleotides on excitability and force production in muscles depolarized by exposure to high extracellular K ϩ . We found that reduction in muscle excitability and force induced by exposure to high [K ϩ ] o could be counteracted by addition of ATP or adenosine 5=-diphosphate sodium salt (ADP), but not by uridine 5=-triphosphate trisodium salt dihydrate (UTP) or adenosine. Furthermore, we show that extracellular ATP mediates a stimulation of the Na ϩ -K ϩ pump. We demonstrate that the recovery of force and the stimulation of the Na ϩ -K ϩ pump by ATP could be counteracted by inhibition of PLC. Also, recovery of force could be blocked by N- [2,3- 
MATERIALS AND METHODS
Animal handling and muscle preparation. All experiments were performed using 4-or 12-to 14-wk-old Wistar rats of own breed. If not otherwise indicated, 4-wk-old rats were used because of the small muscle size (ϳ20 -25 mg), which minimizes diffusional barriers for substrates, ions, and oxygen into the muscle core. Animals were fed ad libitum and housed at 21°C on a 12:12-h light-dark cycle. Before dissection of intact soleus muscles (predominantly slow twitch; 85-93%), the 4-wk-old rats were killed by cervical dislocation followed by decapitation, whereas larger rats were killed by halothan overdose followed by decapitation. No experiments were performed on live animals, and all handling and use of animals complied with Danish animal welfare legislation, including the housing and killing of the animals, which in addition were approved by the University Animal Welfare Officer.
Incubations of muscles took place at 30°C. Initially, muscles were incubated in standard Krebs-Ringer bicarbonate solution containing (in mM) 122 NaCl, 25 NaHCO 3, 2. Isometric force and extracellular recordings of compound action potentials (M-waves). Muscles were mounted on force transducers at optimal length and exposed to field stimulation across the central part of the muscle through platinum electrodes. Isometric tetani were elicited every 10 min using 2-s 30-Hz stimulations. When only force was measured, supramaximal pulses (0.2 ms, 30 V/cm) were used as previously described (9) . When muscles from 12-wk-old rats were used, they were split in two equal halves, from tendon to tendon, to minimize problems with diffusion of substances between the muscle core and the solution. Only one-half from each muscle was used.
To determine electrical activity during the propagation of the action potentials, M-waves were recorded using a polyimide-insulated tungsten electrode (Harvard Apparatus no. 602346) that was inserted in the topmost part of the muscles. Signal amplification and recording, and the determination of M-wave area, were all as previously described (31) . For each tetani, the average of the areas of M-wave number 16 -20 in each 30-Hz train was calculated and presented. The omission of the first 15 M-waves was done to minimize movement artifacts caused by the tension development in the muscle. The mean coefficient for variation of the area of the included M-waves in each train was on average 9 Ϯ 4% (n ϭ 80). The insertion of the M-wave electrode in the muscles slightly decreased their force production from 479 Ϯ 10 to 420 Ϯ 15 mN (P ϭ 0.02, n ϭ 4). To minimize the influence of stimulus artifacts on the M-wave recordings, the strength of the pulses used for muscle stimulations was in these experiments reduced to 20 V/cm and 0.02 ms duration. This pulse configuration has been shown to specifically elicit action potentials via the motor nerve with no direct effect on the muscle fibers (28) .
To investigate the effect of ATP on the Na ϩ -K ϩ pump activity, 86 Rb ϩ was used as a tracer ion for K ϩ , and the Na ϩ -K ϩ pump activity was assessed from the difference between 86 Rb ϩ uptake measured in the absence and presence of 1 mM ouabain as previously described (9) . For experiments, muscles were incubated at optimal length at 10 mM K ϩ for 70 min before 0.1 Ci/ml 86 Rb ϩ was added for 10 min. When used, ATP and ouabain were added to the muscles 10 min before the addition of 86 
Chemicals.
Chemicals were of analytical grade. Adenosine, ATP, ADP, UTP, U-73122, MRS-2500, 9-anthracenecarboxylic acid (9-AC), and ouabain were from Sigma-Aldrich. SCH-202676 was obtained from Calbiochem. All chemicals were dissolved in water except U-73122 and SCH-202676, which were dissolved in DMSO. Vehicle was added to control muscles in all experiments. 86 Rb ϩ was obtained from PerkinElmer as 86 RbCl. Statistics. Data are expressed as means Ϯ SE. The statistical significance of any difference between groups was ascertained using Student's two-tailed t-test for nonpaired observations (2 groups) or two-way ANOVA followed by a Bonferroni post hoc test where appropriate. Significance was accepted at a post hoc level with P Ͻ 0.05.
RESULTS
To investigate the significance of purinergic signaling for muscle force production and excitability, a [K ϩ ] o of 10 mM was used to depress muscle fiber excitability. This procedure both mimics the extracellular conditions of working muscle and allows the use of force measurements to detect improvements of excitability. Figure 1A shows representative traces of force production in two contralateral muscles during a standard experiment where the muscles were initially incubated at 4 mM K ϩ . When the muscles were incubated at 10 mM K ϩ , the force gradually declined to a new steady-state level that in the control muscle (Fig. 1A, top) remained low throughout the experiments. In contrast, when 1 mM ATP was added to the muscle (Fig. 1A,  bottom) , a force recovery was observed. Averaged data from six similar experiments showed that, by addition of 1 mM ATP, force recovered from 24 Ϯ 2 to 65 Ϯ 8% of the initial force at 4 mM K ϩ (Fig. 1B) . The recovery of force after addition of ATP was unaffected by preincubation of the muscles for 35 min in 10 Ϫ5 M tubocurarine. In these experiments, Fig. 1 . Effect of 10 mM K ϩ and 1 mM ATP on isometric tetanic force. The muscles were stimulated to contract every 10 min throughout the experiment using 30-Hz pulse trains of 2 s duration. A: representative traces of the force produced in two contralateral muscles during exposure to 4 and 10 mM K ϩ . In the trace on bottom, 1 mM ATP was added after 80 min incubation at 10 mM K ϩ , whereas in the trace on top only vehicle was added. B: averaged data from 6 experiments conducted as shown in A. After 80 min at 10 mM K ϩ , one group of muscles received a bolus of 1 mM ATP (OE) while the contralateral muscles served as controls (). Data are expressed as a percentage of control force at 4 mM K ϩ ; n ϭ 6 experiments. *Post hoc difference (P Ͻ 0.001).
1 mM ATP led to a recovery of force from 29 Ϯ 6 to 58 Ϯ 8% of the initial force at 4 mM K ϩ (n ϭ 4, P Ͻ 0.03). Tubocurarine is a potent, specific antagonist that, at the concentration used, completely inhibits the acetylcholine receptor and thus blocks activation of the muscle fibers via the nerve. This suggests that the recovery of force at elevated [K ϩ ] o after addition of ATP was caused by effects on the muscle fibers rather than by improved nerve function or improved neuromuscular transmission.
Because other studies have shown that the reduction in muscle force at elevated [K ϩ ] o is caused by a loss of excitability (32), it could be envisaged that the force recovery observed with ATP ( Fig. 1) was the result of a recovery of excitability. To examine this, the effect of ATP on action potential activity was examined by determination of M-wave area during excitation in a separate series of experiments. Figure 2 shows that force ( Fig. 2A) and M-wave area (Fig. 2B) changed concomitantly when the muscles were exposed to elevated [K ϩ ] o and also subsequently both recovered after addition of ATP.
To further investigate the role of purinergic signaling on muscle function, the effects of ATP, ADP, UTP, and adenosine on force production in muscles at elevated [K ϩ ] o were examined in experiments performed similarly to those depicted in Fig. 1 . Figure 3 shows that ATP at concentrations of 1 mM and 500 M (but not 100 M) and ADP induced a substantial recovery of force, whereas neither UTP nor adenosine had any effect on force.
Because P2Y 1,2,4,6,11 of the P2Y purinoceptor family exert their effect via activation of PLC (48) , the effect of the PLC inhibitor U-73122 was tested. Figure 4A shows that, when 50 M of U-73122 was present, the ATP-induced force recovery in muscles at 10 mM K ϩ was greatly suppressed. This indicates that the effect of ATP was mediated by one of these receptors, among which only P2Y 1 is insensitive to UTP (1). Thus the lack of force recovery in muscles at elevated K ϩ with UTP ( Fig. 3) indicated that P2Y 1 was the most likely candidate for the receptor mediating the effects of ATP and ADP. This notion was supported by the finding that SCH-202676 and MRS-2500, both inhibitors of P2Y 1 (16, 18) , also inhibited the force recovery seen with ATP (Fig. 4, B and C) .
Previous studies have shown that an increase in muscle fiber excitability similar to the increase seen in the present study after addition of ATP can be obtained by a twofold increase in the activity of the muscular Na ϩ -K ϩ pump (9) or by an ϳ50% reduction in the Cl Ϫ conductance of the muscle fibers (32) . To examine if reduced Cl Ϫ conductance was involved in the ATP-induced increase in muscle excitability, the effect of ATP on force was tested in K ϩ -depressed muscles in a Cl Ϫ -free solution. Although the cellular Cl Ϫ conductance is reduced to zero in this solution, the addition of 1 mM ATP still led to a significant recovery of force from 32 Ϯ 5 to 66 Ϯ 5% of the initial value at 4 mM K ϩ (n ϭ 4, P ϭ 0.007). This excluded an important role for the Cl Ϫ conductance in the effect of ATP on force in depolarized muscles. To test for an involvement of Na ϩ -K ϩ pumps, the ouabain-sensitive K ϩ uptake was determined next. Figure 5 shows that ATP induced a more than twofold increase in the ouabain-sensitive uptake of K ϩ (P ϭ 0.00001), demonstrating a stimulation of the Na ϩ -K ϩ pumps. Importantly, Fig. 5 further shows that, although the PLC inhibitor U-73122 had no effect on the basal Na ϩ -K ϩ pump activity, it completely suppressed the ATP-induced stimulation of the ouabain-sensitive K ϩ uptake. To further evaluate the possible role of the Na ϩ -K ϩ pump for the ATP-induced Fig. 2 . Effect of 10 mM K ϩ and 1 mM ATP on force and M-wave in muscles stimulated via the nerve. Details are as in Fig. 1 , except that an M-wave recording electrode was inserted in the muscle before the start of the experiment and muscles were stimulated with 0.02-ms pulses of 8 V rather than the usual 0.2 ms and 12 V. This ensured that the muscles were excited exclusively via the nerve. Shown are tetanic force (A) and representative traces of the M-waves (B) as well as the averaged data of the calculated M-wave areas during initial incubation at 4 mM K ϩ solution (control), after 80 min incubation at 10 mM K ϩ (10 mM K ϩ ), after subsequent addition of 1 mM ATP (10 mM K ϩ ϩ ATP), and after return to control solution at the end of the experiment. Values are expressed as the percentage of initial control values in standard Krebs-Ringer (KR) with 4 mM K ϩ ; n ϭ 4. *P Ͻ 0.05.
recovery of force in depolarized muscles, a series of experiments was done in which muscles incubated in 4 mM K ϩ were depolarized by addition of 1 mM ouabain for 30 min, leading to complete inhibition of the Na ϩ -K ϩ pumps in the muscles (17) . As shown in Fig. 6 , this caused the tetanic force to decrease to ϳ35% of control force, at which point there was no effect of adding 1 mM ATP. In contrast, when 9-AC was added to inhibit the ClC-1 Cl Ϫ channels, it caused a large recovery of force.
DISCUSSION
Activation of purinoceptors in skeletal muscles has previously been associated with various effects on muscle, including development (6), Ca 2ϩ influx, and cellular signaling (5, 11, 19, 37) , activation of the extracellular signal-regulated kinase 1/2 (25), muscle contractility (15, 37) , and inhibition of ClC-1 channels (49) . In addition, the present study demonstrates that extracellular ATP 1) can improve excitability and contractile function in muscles where the excitability is depressed because of depolarization and 2) can cause a stimulation of the Na
In vivo, the major source of purines for the purinergic signaling cascade in active muscles is local release from nerve endings and muscles fibers causing auto-and paracrine effects (1, 4, 12, 14, 22, 23, 38, 40, 47, 48) . Several mechanisms by which ATP is released from cells have been proposed, including vesicular release and release though multidrug resistence protein transporters (24, 50) . In skeletal muscle fibers, Buvinic et al. (5) recently proposed that ATP and UTP are released through pannexin-1 hemichannels. Furthermore, the release of nucleotides has been shown to be dependent on the activity of the muscle fibers (5, 22, 23, 47) . In the present study, the muscles were functionally resting, since they were only stimulated for 2 s one time every 10 min, which makes it unlikely that significant local release of purines took place. Instead, purinergic signaling was elicited by increasing the concentration of ATP in the bathing solution to a final concentration of 0.5 or 1 mM. Notably, these concentrations are well above the reported affinity of the purinoceptors (1-20 M) (27) . Likewise, they are higher than the up to 80 M ATP observed in the bulk extracellular space of human polymorphonuclear leukocytes, Jurkat T cells (10) , and stretch-activated or contracting skeletal muscles (22, 23) . Although it is possible that the concentration of ATP reaches higher concentrations in the micro domains surrounding the release sites of ATP, such as the neuromuscular junction, this indicates that excessive concentrations of ATP were necessary to elicit the response in our study. The reasons for this may be twofold. First, the concentration gradient of ATP through the muscles needed to be large enough to allow diffusion of ATP to the core of the muscle before the compound was broken down by the exonucleodiases and deaminases in the muscles. Second, the diffusion needed to be fast enough to allow activation of the purinoceptors in all parts of the muscle fairly simultaneously to avoid staggered receptor desensitization and thus lowered maximal muscle response (35) . Probably for the same reasons, 0.1-1 mM of ATP and ADP have also been applied in several other studies on muscles fibers and ventricular myocytes (2, 4, 11, 19, 25, 36) . In concord with this, Buvinic et al. (5) found that, even in myotubes, concentrations of extracellular ATP in excess of 100 M were necessary to obtain the maximal effect on intracellular Ca 2ϩ signaling. Because experiments with the PLC antagonist U-73122 in the present study showed that the effect of ATP on force was functionally coupled to PLC, the receptor involved must belong to the P2Y 1,2,4,6,11 group of the P2Y purinoceptor family (48) . The finding that the effect could be elicited by ATP and ADP but not UTP further suggests that, from this group of receptors, the receptor involved was P2Y 1 , since this receptor has a preference for ADP and to some extent ATP but is largely insensitive to UTP (1). Together, this makes P2Y 1 the most likely receptor involved in the improvement of muscle force after addition of ATP. This notion is further supported by the observation that the effect of ATP on force was inhibited by the P2Y 1 inhibitor SCH-202676 and the specific P2Y 1 receptor antagonist MRS-2500, and by the observation that, of the UTP-insensitive P2Y receptors, only P2Y 1 has been reported in skeletal muscle fibers (25) . Because extracellular ATP is broken down to ADP, AMP, and adenosine by the exonucleodiases and deaminases in the interstitial compartment of the muscle, it was also possible that the effect of ATP was caused by binding of adenosine to adenosine receptors on the muscle fibers (35) . The addition of 1 mM adenosine was, however, without effect on muscle function, which makes this scenario highly unlikely.
In previous studies on isolated rat muscle, it has been established that the reduction in M-wave area and tetanic force, observed when the muscles are depolarized by exposure to elevated extracellular K ϩ , mainly is related to a complete loss of excitability in a fraction of the fibers in the muscle (32) . Moreover, in experiments where fiber excitability is reduced by specific inhibition of the voltage-gated Na ϩ channels with low doses of TTX, the reduction in M-wave area was well correlated to a concomitant reduction in tetanic force (31) . It is Fig. 5 . Effect of ATP and U-73122 on Na ϩ -K ϩ pump activity measured as the ouabain-sensitive K ϩ uptake in muscles at 10 mM K ϩ . Bars show the ouabain-sensitive K ϩ uptake in the following four groups of muscles: control muscles, muscles that received 1 mM ATP, muscles with 50 M U-73122, and muscles with both 50 M U-73122 and 1 mM ATP; n ϭ 5/6. ww, Wet weight. *P ϭ 0.0001 and †P ϭ 0.0009. Fig. 6 . Effect of ATP and 9-anthracenecarboxylic acid (9-AC) on ouabaininduced force loss in soleus muscles. The muscles were stimulated to contract every 10 min throughout the experiment using 30-Hz pulse trains of 2 s duration. After preincubation in a 4 mM K ϩ solution, 1 mM ouabain was added to all muscles. After an additional 30 min of incubation, either 1 mM ATP () or 100 M 9-AC (OE) was added to the two groups of contralateral muscles, as indicated. Data are expressed as a percentage of control force at 4 mM K ϩ ; n ϭ 4. *Post hoc difference (P Ͻ 0.05).
likely, therefore, that the large recovery of the M-wave area observed in the present study after the addition of ATP to depolarized muscles mainly is the result of a recovery of the excitability in a fraction of the inexcitable fibers and that this recovery of force is the explanation for the concomitant recovery of force. However, although the improvement of M-waves appears to be large enough to explain the recovery of force after addition of ATP, it is relevant to consider several other possible mechanisms. Thus studies have reported effects of purinergic activation on the synaptic signaling in the neuromuscular junction, including upregulation of acetylcholinesterase and acetylcholine receptor expression in developing muscles (7, 44) and an increase in acetylcholine receptor sensitivity to acetylcholine (2, 36) . Additionally, Lu and Smith (23a) found that ATP in the micromolar range could induce an opening of the acetylcholine receptor. An improved signal transmission in the neuromuscular junction, therefore, represents another possible mechanism for the recovery of force after addition of ATP in K ϩ -depressed muscles. Pretreatment of muscles with tubocurarine was, however, unable to block the ATP-induced increase in force, which excludes this possibility. With respect to a possible role for Ca 2ϩ , Sandona et al. (37) showed potentiation of force during low-frequency stimulation of skeletal muscles due to Ca 2ϩ influx through the P2X 4 receptor. Moreover, Buvinic et al. (5) showed that extracellular nucleotides could induce an increase in the resting level of intracellular Ca 2ϩ . However, whereas such an increase in the Ca 2ϩ availability could increase subtetanic force, the effect on force during tetani, where intracellular Ca 2ϩ approaches saturating values for the contractile filaments, is likely to be minimal. Finally, a mechanism for force recovery involving an unspecific effect of ATP on the energy state of the muscle fibers caused by diffusion of ATP and ADP into the fibers is rather unlikely because ATP and ADP are negatively charged, and, therefore, the cellular uptake of the compounds is greatly hindered by the inside negative membrane potential of the muscle fibers. Moreover, Fig. 3 shows that addition of UTP, which carry a comparable amount of energy as ATP, does not give rise to an improvement of muscle function.
Measurements of 86 Rb uptakes showed a substantial activation of the Na ϩ -K ϩ pump after addition of ATP. A similar activation of the Na ϩ -K ϩ pump by purinergic signaling has previously been shown to occur in the rabbit lens where it was conveyed by P2Y 2 receptors through a Src tyrosine kinasedependent pathway (41) . The influence of purinergic signaling on the Na ϩ -K ϩ pumps seems, however, to be tissue specific. Thus a study by Jin and Hopfer (20) showed the opposite effect of purinergic signaling, namely the inhibition of the Na ϩ -K ϩ pump by what they found to be a P2Y receptor.
The present study does not allow for an unambiguous identification of the mechanism leading to the improved excitability after addition of ATP to depolarized muscles. However, because several studies on isolated muscles have shown that a twofold increase in Na ϩ -K ϩ pump activity can produce a large increase in excitability and contractile function in depolarized muscles (8) , it is likely that the increased Na ϩ -K ϩ pump after addition of ATP contributes to the recovery of excitability. This conclusion is supported by the finding that ATP was unable to recover force in muscles depolarized by 30 min incubation at 10 Ϫ3 M ouabain, which completely inhibits all Na ϩ -K ϩ pumps (17) . A recent study by Voss (49) showed that extracellular ATP also can induce a closure of ClC-1 channels in skeletal muscle via a P2Y 1 -dependent pathway. Because such closure of Cl Ϫ channels both increases miniature endplate potentials (49) and increases the excitability of depolarized muscles (32) , this mechanism is likely to contribute to the increase in excitability observed in the present study. However, extracellular ATP induced a substantial recovery of force even in muscles incubated at zero Cl Ϫ . Moreover, addition of ATP had no effect on force in muscles depolarized by incubation at 10 Ϫ3 M ouabain, although a substantial force recovery was obtained in the same muscles when the Cl Ϫ channels were inhibited by addition of the antagonist 9-AC (Fig. 6 ). Therefore, the contribution from ClC-1 channel closure to the increased excitability after addition of ATP appears to be minimal.
In conclusion, we have shown that purinergic signaling can improve excitability and contractile function in depolarized muscle fibers, and concomitantly increase the activity of the Na ϩ -K ϩ pumps, which may contribute to the increase in excitability. This regulation may be of particular importance during intense exercise where local release of ATP may lead to improved maintenance of muscle fiber excitability and function when [K ϩ ] o becomes elevated (21, 39) . 
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